We search for superflares from 4,068 cool stars in over 2 years of Evryscope photometry, focusing on those with high-cadence data obtained by both Evryscope and TESS. The Evryscope array of small telescopes observed 576 large flares from 285 flare stars, with a median energy of 10 34.0 erg. Since 2016, Evryscope has enabled the detection of rare events from all stars observed by TESS through multi-year, high-cadence continuous observing. We report ∼2× the previous largest number of 10 34 erg flares observed from nearby cool stars at high cadence. We find 8 flares that increased the stellar brightness by at least 3 g magnitudes, with the largest flare reaching 5.6 magnitudes and releasing 10 36.2 erg. We also observe a 10 34 erg superflare from TOI-455, a mid-M star with a rocky planet candidate. We measure or constrain the annual superflare rate of each flare star, and explore the dependence of superflare occurrence upon stellar age and spectral type. We estimate the average flare behavior of active stars as a function of spectral type, including superflare rates, flare frequency distributions, and typical flare amplitudes in g . We also observe an apparent decrease in large flares at high galactic latitudes. We explore the effects our super-flaring stars may have on ozone loss to planetary atmospheres: we observe 1 superflare with sufficient energy in the UV to photo-dissociate all ozone in an Earth-like atmosphere in a single event, and 24 other superflares that reach at least 10% of this energy. We also find 17 stars that may deplete an Earth-like atmosphere via repeated flaring; these emit at least 1 flare of 10 34 erg every 10 d. Of the 1690 stars around which TESS may discover temperate rocky planets, we observe 49 to exhibit large flares.
INTRODUCTION
Stellar flares occur on main-sequence stars when convection of the photosphere distorts the star's magnetic field, leading to a magnetic re-connection event that releases large quantities of stored magnetic energy. Electrons are accelerated down magnetic field lines toward the photosphere, colliding with and heating plasma to temperatures above 20 MK. The depths at which these electrons brake during the flare determines the wavelengths at which the plasma radiates. White-light flares result from electron collisions in the photosphere (Allred et al. 2015) and may last from minutes to hours, following a fast-rise and exponential-decay (FRED) profile in time-domain observations, e.g. Davenport et al. (2014) . Because flaring depends on the magnetic field of the star, increased flare activity is correlated with young stellar age (Ambartsumian & Mirzoian 1975; Davenport et al. 2019) , fast stellar rotation (e.g. West et al. (2015) ; Astudillo-Defru et al. (2017) ; Newton et al. (2017) ; Wright et al. (2018) ), high starspot coverage (Yang et al. 2017) , and late spectral type (West et al. 2008 (West et al. , 2015 Wright et al. 2018; Davenport et al. 2019) .
Because Earth-sized planets orbiting cool stars are both common (Dressing & Charbonneau 2013 and produce high-SNR transit and radial velocity signals, cool stars are popular targets in the search for nearby Earth-like exoplanets. Enhanced flaring is often observed from cool stars (i.e. late K-dwarf and M-dwarf stars with T eff < 4000 K) (Muirhead et al. 2018 ); a deep photosphere and fast stellar rotation increase the available magnetic energy and may result in high flare rates and flare energies up to 1000× greater than those observed from the Sun (e.g. Allred et al. (2015) ; Davenport et al. (2016) and references therein). Not only are cool stars the most populous stellar types in the galaxy (Chabrier 2003; Henry et al. 2004 Henry et al. , 2006 , but detecting flares from cool stars is easier than detecting flares from Solar-type stars due to their lower luminosity and higher flare contrast (Allred et al. 2015) .
Temperate rocky planets have already been discovered in orbit around several nearby cool stars, e.g. AngladaEscudé et al. (2016) ; Gillon et al. (2017) ; Dittmann et al. (2017) ; Bonfils et al. (2018) . However, intense flaring may pose problems for the habitability of planets orbiting cool stars. The so-called "habitable zone" (HZ) is defined as the distance from a star at which the stellar flux and planet atmosphere would allow for the existence of liquid water on the surface (Kopparapu 2013) . The low luminosity of cool stars requires HZ orbital distances to be very close to the star, resulting in increased flare energy and high-energy stellar particles reaching the planetary atmosphere. Combined with the intrinsicallyhigh flare rate of active cool stars, the ozone layers of Earth-like planets may be suppressed or destroyed on geologically-short timescales (Tilley et al. 2019; Howard et al. 2018; Loyd et al. 2018) . The increased activity of the young Sun altered the atmosphere of the early Earth (e.g. Cockell (2002) ; Rugheimer et al. (2015) ; Rugheimer & Kaltenegger (2018) ) but did not prevent life on our planet. Furthermore, the atmospheres of nearby M-dwarf planets may also be capable of shielding life from the most extreme UV radiation (O'MalleyJames .
High-energy particles that may be associated with large flares deplete atmospheric ozone through the creation of nitrogen-oxide species. While the ozone layer of an Earth-like planet may withstand single superflare events of 10 34 erg (Segura et al. 2010; Grießmeier et al. 2016; Tabataba-Vakili et al. 2016) , the cumulative effect of multiple superflare events per year does not allow the planetary atmosphere to recover (Tilley et al. 2019 ). The largest flares may fully photo-dissociate an ozone column in a single event without consideration of high energy particles at all .
Long-term X-ray and UV flare emission may contribute to the complete stripping away of Earth-like atmospheres (Cuntz & Guinan 2016; Owen & Mohanty 2016) . Luger et al. (2015) notes that photoevaporation of mini-Neptune atmospheres may lead to habitable worlds rather than prevent them. However, this outcome is only likely for specific H/He-envelope mass fractions, core sizes, and incident stellar fluxes (Owen & Mohanty 2016) .
Since July 2018, the Transiting Exoplanet Survey Satellite (TESS, Ricker et al. 2014 ) has been searching for transiting exoplanets across the entire sky, split into 26 sectors. Each TESS sector is continuously observed in the red by four 10 cm optical telescopes for 28 days at 21 pixel −1 . TESS regularly down-links 2-minute cadence light curves of selected targets and half-hour cadence full-frame images per sector. TESS is optimized to observe cool stars at high precision in order to detect Earth-sized planets. TESS observations of cool stars also capture many stellar flares. In sectors 1 & 2 alone, 763 flare stars were observed in the 2-minute cadence TESS light curves, with 3247 individual flares recorded (Günther et al. 2019) . Cool stars comprise 83% of these flare stars.
Small flares occur much more frequently than large flares. Although TESS observes each star at high photometric precision for a sufficient amount of time to characterize the occurrence of low-to-moderate energy flares from each cool star, observation times spanning 1-2 sectors are often not long enough to capture the largest superflares. For example, the well-studied flare star Proxima Centauri emits flares of 10 32 erg or greater on 10 day time scales, but flares of 10 33 erg or greater on 100 day timescales (Howard et al. 2018) . Furthermore, TESS flare observations of each star outside the continuous viewing zone are insensitive to cyclic changes to stellar flaring on timescales longer than ∼1 sector.
The Evryscope (Law et al. 2015 ) is performing longterm high-cadence monitoring of flares and other shorttimescale phenomena across the Southern sky, for much longer periods than does TESS. Evryscope is composed of 22 60mm telescopes simultaneously imaging the entire accessible sky at 13 pixel −1 . Thus far, Evryscope has produced 2-minute cadence light curves of 15 million sources. While TESS observes each star for ∼28 days in the red at high photometric precision, Evryscope observes each star for several years in the blue at moderate precision.
Combining the frequent flares seen in the TESS light curves themselves with rarer Evryscope flares provides for more comprehensive flare monitoring. Evryscope complements TESS by monitoring the high-energy end of each star's flare distribution, as well as any other changes in flare activity that occur on timescales longer than the 28 day observation time per sector. For example, we illustrate in Figure 1 flares in the combined Evryscope and TESS light curves for the case of the active star TIC-231017428 (L 173-39) . TESS observed TIC-231017428 for 2 sectors, finding many flares with amplitudes too small to recover with Evryscope, while missing the rarest and largest flares captured by Evryscope. Future papers in the EvryFlare series will investigate the combined flaring of each star in Evryscope and TESS.
In Section 2 of this work, we describe the Evryscope flare search program, EvryFlare. We describe the Evryscope and its light curve database. We also describe our flare-search sample and our flare search algorithms. In Section 3, we describe our discoveries. These include a number of superflare events that increased the stellar brightness by at least 3 g magnitudes, and correlations of flaring with spectral type and age. We describe a superflare observed from TOI-455, a nearby TESS Object of Interest that hosts a candidate rocky planet. We describe our constraints on its superflare rate and possible effects to planetary atmospheres. In Section 4, we discuss the implications of extreme flaring for the retention of planetary ozone layers and resulting planetary habitability. In Section 5, we conclude.
THE EVRYFLARE ALL-SKY SUPERFLARE SEARCH
In order to measure the occurrence of rare superflares, Evryscope monitors the long-term flare activity of all cool stars. We focus the current analysis on bright stars across half the Southern sky. Stellar flares in Evryscope data are discovered and characterized in two independent ways. A brief manual inspection of each Evryscope light curve discovers the largest flares captured by Evryscope. An automated flare search discovers flares of all amplitudes above the photometric noise; these candidate flares are further inspected by eye.
Evryscope observations
As part of the Evryscope survey of all bright Southern stars, we discover many large stellar flaring events. The Evryscope is an array of small telescopes simultaneously imaging 8150 square degrees and 18,400 square degrees in total each night on the sky at two-minute cadence in g (Law et al. 2015) . The Evryscope is optimized for bright, nearby stars, with a typical dark-sky limiting magnitude of g =16. The Evryscope is designed to observe the entire Southern sky down to an airmass of two and at a resolution of 13 pixel −1 . To achieve ∼6 hours of continuous monitoring each night on each part of the sky, the Evryscope tracks the sky for 2 hours at a time before ratcheting back and continuing observations (Ratzloff et al. 2019) .
The Evryscope image archive contains 3.0 million raw images, ∼250 TB of data. The Evryscope dataset is reduced at realtime rates by a custom data reduction pipeline (Law et al. 2016 a custom wide-field solver. Careful background modeling and subtraction is performed before raw photometry is extracted with forced-apertures at known source positions in a reference catalog. Light curves are then generated for approximately 9.3 million sources across the Southern sky by differential photometry in small sky regions using carefully-selected reference stars and across several apertures (Ratzloff et al. 2019) . Any remaining systematics are removed using two iterations of the SysRem detrending algorithm (Tamuz et al. 2005) . The Evryscope light curve database is periodically regenerated across the sky for improved photometric precision and longer baseline of observations. The current generation of light curves at the time of this work spans Jan 2016 through June 2018, with an average of 32,000 epochs per star. Light curves of bright stars (m g =10) attain 6 mmag to 1% photometric precision (depending on the stellar crowding level); light curves of dim stars (m g =15) attain 10% precision. We note Evryscope precision for dim stars is comparable to TESS precision on dim stars (Ratzloff et al. 2019 ).
Flare search targets
We select cool stars that have both TESS and Evryscope light curves for this subset of the larger EvryFlare search program. We begin with the list of all target stars being observed at two-minute cadence by TESS in sectors 1 through 6. Due to the large pixel scales of Evryscope and TESS (13" and 21" respectively), we cross-match each target star with Gaia DR2 (Gaia Collaboration et al. 2016 sources within a 13" aperture. Any star with multiple cross-matches within that radius is discarded if the parallaxes of the cross-matched source differ by more than 1% or if the distance to the source is greater than 600 pc. The Evryscope forcedphotometry catalog is based upon APASS DR9 (Henden et al. 2016); we cross-match each target with its gmagnitude, discarding any sources without a match.
Using the distance and apparent g -magnitude, we compute the absolute g -magnitude and select only targets with M g > 8 to constrain our analysis to cool stars with spectral types of ∼K5 and later (Kraus & Hillenbrand 2007; Muirhead et al. 2018) . We update the J2000 coordinates of high proper motion stars to correct for movement between pixels by J2018 and query the Evryscope light curve database. Of these sources, 20% 
Automated search for flares
We perform an automated flare search in the Evryscope light curves using a custom flare-search algorithm, Auto-ELFS (Automated Evryscope Light-curve Flare Searcher). Due to the Evryscope ratchet observing length, duration of the night, and various weather interrupts to observing, Auto-ELFS first splits up the light curve into separate "contiguous" segments of uninterrupted observations, each of which is analyzed separately. Before attempting to locate flares, Auto-ELFS tries to determine which epochs represent the quiescent baseline flux; excluding brightness excursions improves our estimation of the local photometric noise. Likelyquiescent epochs are defined to exclude any epoch that occurs less than 20 minutes following any brightening in magnitude with a significance of 4.5σ above an initial estimate of the noise.
Auto-ELFS then searches for flares by applying an exponential-decay matched-filter similar to that of Liang et al. (2016) to the contiguous light curve segment. Peaks in the matched-filter with a filter significance above 4.5σ that correspond with peaks in the actual g magnitude light curve with a significance above 2.5σ are considered flare candidates. The matched-filter significance is defined as the median-subtracted filter value divided by the standard deviation of the filter values of likely non-flaring epochs. The g light curve significance is defined as the median-subtracted magnitude divided by the standard deviation of the magnitudes of likely non-flaring epochs. We require the flare candidate to be significant in the matched filter in order to recover flares from noisy light curves; we require the flare candidate to be significant in the light curve magnitudes to ensure the flare rises sufficiently above its surrounding epochs to be vetted by eye.
Flare start and stop times are determined as the first and last epochs with significance in magnitude (not in filter product) that exceed 1σ around the flare peak time.
Significant candidates are verified by eye in an interactive vetting tool. During interactive vetting, flare candidates from the automated pipeline are confirmed or rejected based on the following criteria: similarity to a FRED profile, dis-similarity to known systematics (such as a Gaussian or box-shaped flare light curve), and a lack of similar flaring behavior at the same time in 3 nearby reference stars. We also exclude from consideration flare candidates that increase in brightness by multiple magnitudes but last less than 10 minutes. Full-frame image cutouts of several of these short multi-magnitude excursions consistently display telescope shake.
Manual light curve inspection for superflares
We also perform a brief manual inspection of the entire light curve of each star. Although less sensitive to smaller flares than the automated pipeline, this approach allows us to consistently record the largest flares. Large flares easily observable from the light curve by eye sometimes occur in contiguous segments that last only ∼ 20-30 minutes (in periods where due to weather or other observing programs the Evryscope was executing shorter-thanusual ratchets). Auto-ELFS is not designed to operate on contiguous segments of such a short duration due to difficulty in distinguishing in-flare epochs from out-of-flare epochs. Similar difficulties arise when the flare length and the contiguous segment observing length are comparable, e.g. for the largest and longest-lasting superflares, where the slow decay dominates the local background estimation. Light curve inspection remedies this. Finally, some rare systematic brightness excursions of 1-2 magnitude occur consistently across the sky in particular observing seasons but not others. These systematics are readily separated from real flares during manual inspection of all light curves, although they do not occur on the same night for each star and hence do not appear in the 3 nearest reference stars at exactly the same time as the target star. Flares discovered during manual light curve inspection are assigned start and stop times by eye. Flare candidates from this pipeline are subsequently compared against 3 reference stars using the same vetting criteria described in 2.3.
Flares from both automated and manual pipelines are cross-matched against one another and compiled into a single list, keeping one entry for each flare. Because we perform separate searches in each batch of 2 TESS sectors, some of our flare stars will be discovered multiple times. Furthermore, many flares are discovered with an entry from each pipeline. We find 75% of flares discovered by the manual pipeline are also found by the automated one, and 45% of flares from the automated pipeline are found in the manual search. Duplicate flares may also occur when long-lasting flares are sometimes "rediscovered" multiple times by the automated pipeline. Whatever the source of duplicate flare entries, if multiple flare entries are found within 0.1 day of each other, the flare entry with the larger peak magnitude is kept, ensuring the entire flare has been captured and not just the decay tail. This process loses ∼2% of small flares observed near a large flare. Future work will examine the relationships of complex versus single flares occur-ring in rapid succession after each other Davenport 2016) in the Evryscope data-set.
Determination of flare parameters
We describe below how we measure the physical parameters of each individual flare and describe relevant uncertainties:
• The fractional flux is calculated as described in Hawley et al. (2014) . Fractional flux is computed as ∆F/F=
where F 0 is the out-of-flare flux. F 0 is determined from the median of the entire light curve in the automated pipeline and from a ∼5 day window around the flare in the manual pipeline.
• The equivalent duration (ED) for each flare is calculated as described in Hawley et al. (2014) . We compute the ED as "area-under-the-curve" using the trapezoidal rule, with upper and lower limits of the flare start and stop times. We compute ED as "area-under-the-curve" rather than as a direct sum of flux received during each 2-minute exposure in order to avoid double-counting flux from flares seen by multiple Evryscope cameras simultaneously. We may safely approximate the ED as "area-under-thecurve" because the dominant source of error in flare energy is estimation of a star's quiescent energy L 0 .
• We compute the quiescent luminosity in g (L 0 ) in erg s −1 using the apparent g magnitude of the star in the AAVSO Photometric All Sky Survey (APASS) DR9 (Henden et al. 2016) , g =0 to flux calibration (Hewett et al. 2006) , and the Gaia DR2 parallax (Gaia Collaboration et al. 2016 ).
• Flare energy in the Evryscope g bandpass is given in erg by ED×L 0 .
• We convert the flare energy in the Evryscope bandpass into bolometric energy using the energy partitions of Osten & Wolk (2015) . We estimate the bolometric flare energy of a 9000 K flare blackbody with emission matching the measured Evryscope flux; the fraction of the bolometric energy found in the Evryscope g bandpass is f g =0.19.
• The full-width-at-half-maximum (FWHM, in minutes) of each flare was recorded by an automated algorithm to estimate the distribution of highly impulsive flares as described in Kowalski et al. (2013) . As such, we estimate the FWHM as 2 minutes of rise/decay time plus the elapsed time between the first and last points at or above 50% of the peak flare flux. We compared the FWHM computed this way versus a FWHM computed as 2 minutes times the number of points above the 50% flux and found both values agreed for dozens of flares, but only when one camera recorded each flare. The number-of-points method doubled the FWHM when the flare was observed by 2 overlapping cameras.
• The impulse of each flare was then recorded as the flare peak fractional flux divided by the FWHM in minutes.
These values are recorded for each flare in Table 1 .
2.6. Flare frequency distributions To estimate the superflare rate for each star, the number of flares observed and the total observing time are calculated. We compute the total observing time as the number of epochs in each light curve times a two-minute exposure. We ignore the effect of double-counting epochs from occasional camera overlaps on the total observing time, as only ∼10% of epochs are doubled and the observing time is not the dominant source of error.
For stars with less than five flares, we estimate the superflare rate as the number of superflares actually observed divided by the total observing time. Limits on non-flaring stars are large; we focus this work upon stars with at least one flare observed. The upper and lower limits on the superflare rate are given by a 1σ binomial confidence interval.
For stars with at least five flares, we calculate the cumulative flare frequency distribution (FFD) by fitting a cumulative power-law to the flares, and estimating the uncertainty in our fit through 1000 Monte-Carlo posterior draws consistent with our uncertainties in occurrence rates. We represent the cumulative FFD in bolometric energy by a power law of the form log ν = α log E + β, where ν is the number of flares with an energy greater than or equal to E erg per day, α gives the frequency at which flares of various energies occur, and β is the y-intercept and sets the overall rate of flaring. We calculate the uncertainty in the cumulative occurrence for each Evryscope flare with a binomial 1σ confidence interval statistic (following Davenport et al. 2016 ). The observation time, number of flares observed, estimated α, β, superflare rates, and uncertainties on these parameters are recorded in Table 2 . Following Günther et al. (2019) , we also include in Table 2 the maximum and mean amplitude and bolometric energy of each Evryscope flare star for comparison. Because we are observing a large sample of large flares, we compute the FFD of each star without weighting recovery completeness using flare injectionand-recovery.
EVRYSCOPE FLARE DISCOVERIES
We detect 576 high-energy flare events from 285 flare stars in TESS sectors 1-6. Such a large sample of highenergy flares from cool stars probes both the dependence of superflaring on other astrophysical parameters and the potential habitability of planets orbiting cool star stars: we present ∼ 2× the previous-largest sample of highcadence 10 34 erg flares from nearby stars (e.g. Günther et al. (2019) ).
3.1. Flare stars, spectral type, and stellar age We explore how superflare rates correlate with drivers of stellar surface magnetic activity.
Flare Frequency vs. Spectral Type and Galactic Latitude
Superflare energy and occurrence will impact the atmospheres of temperate planets differently depending on the host star's spectral type. We use M g to estimate the spectral type of each flare star. Due to the faintness of stars later than M4 in the blue, we do not include later types in this analysis. (1 flare per row) . This is a subset of the full table. The full table is available in machine-readable form, with uncertainties to parameters where applicable in addition to the columns displayed here. The columns here are: TIC ID, the TESS sector(s), the flare event time in MJD, the bolometric energy of the flare in log erg, the flare amplitude (contrast) in g magnitudes, the flare amplitude in fractional flux units, the stellar quiescent luminosity in g in log erg/sec, the equivalent duration in g in sec, the flare FWHM in minutes, the flare impulse defined as peak fractional flux / FWHM in minutes, the stellar absolute magnitude in g , and the spectral type estimated from M g . ...
Notes. Parameters of 285 flare stars monitored by Evryscope (1 star per row)
. This is a subset of the full table. The full table is available in machine-readable form, with uncertainties to parameters where applicable in addition to the columns displayed here. The columns here are: TIC ID, RA and Dec (the current Evryscope-measured positions of the star), the TESS sector(s) the star was observed, the number of flares observed by Evryscope, the total continuous Evryscope observation time in days obtained over 2 years, the annual superflare rate, the FFD parameter α, the FFD parameter β, the mean flare energy in log erg, the maximum flare energy observed in log erg, the mean flare amplitude (contrast) in ∆g magnitudes, the maximum flare amplitude (contrast) observed in ∆g magnitudes, the galactic latitude in degrees, the stellar TESS-magnitude, the stellar g magnitude, the stellar quiescent luminosity in g in log erg/sec, the stellar absolute magnitude in g , and the spectral type estimated from M Cumulative # of flares day 1 Figure 4 . We construct averaged cumulative FFDs for each spectral type. We bin all flares observed and the total observing time by the estimated spectral types. As a result, these relations do not hold for inactive stars. Errors in the number of flares d −1 are given by 1σ binomial confidence intervals. The curve at the lower-energy end of each FFD is an artifact of sometimes failing to observe the smallest flares.We remove all flares with an ED<10 2.44 from the fit, below which the lost flares dominate. Because this incompleteness limit is higher for later types, this curve remains visible at the leftmost end of each panel. Notes. Fit parameters to the "averaged" FFD for K5-M4 flare stars, shown in Figure 4 . α and β are given by the power law of the form log ν = α log E + β as described in Section 2.6, where ν is the number of flares observed per day at an energy of at least Emathrmbol. We estimate the largest flare expected from a typical active star of each spectral type during 10 and 28 days of continuous observing, respectively. We also estimate the waiting-time between successive flares of at least 10 33 erg.
Both the average number of flares per star and the fraction of searched stars that flare increase from K7 toward M4. This may be a result of approaching the fullyconvective boundary. We define the average number of flares per star per spectral type as the number of flares observed from all stars of a given spectral type divided by the total number of stars of that spectral type in our flare search. Error bars are given by 1σ binomial confidence intervals for each spectral type in the two panels to the right in Figure 3 .
Remarkably, the fraction of cool flaring stars per spectral type is identical to the fraction of flaring M-dwarfs found at lower flare energies in Günther et al. (2019) , indicating that superflares from late-type stars follow a similar increase in flare activity as small flares. The fraction of active stars for each spectral type measured in West et al. (2008 West et al. ( , 2015 are twice as high as those we measure here. This is likely a result of choosing to measure activity using a sample of infrequent superflares rather than elevated Hα emission in spectra.
We also check if the occurrence of large flares depends upon galactic latitude. Stars in the disk are generally younger and therefore more active than stars at higher latitudes West et al. (2008) . In Figure 6 , we do observe an apparent decrease in flare stars at high latitudes. This may be due in part to target selection, as there are fewer cool stars at high latitudes than low latitudes.
Several caveats are in order: Figure 3 gives the occurrence of the largest flares; surveys observing smaller flares may therefore observe higher rates of flaring. Next, the increased flaring of M4 dwarfs involves small-number statistics. Although larger than for other spectral types, M4 errors are still <20%. Last, we do not perform flare injection and recovery in this sample, so Evryscope systematics in the light curves could alter the true number of stars from which we would have been able to see flares. Because 10% of Evryscope light curves experience source contamination from stellar crowding outside the galactic plane, we conclude this is not a dominant source of error.
Mean Flare Energy vs. Spectral Type
Next, we find that the mean flare energy decreases as a function of spectral type, as shown in the right panel of Figure 2 . Error bars are the 1σ spread in energy. As Günther et al. (2019) and Davenport et al. (2019) note, the lower luminosity of the later types means the same ED results in less bolometric energy. Although the mean flare energy of late K and early M stars in our sample is high, future work is needed to determine if the increased orbital distance to the HZ will protect the atmospheres of Earth-like planets around these stars.
Superflare Rate vs. Spectral Type
To investigate superflare frequency, we construct cumulative FFDs for an "average" flaring star of each spectral type. Binning all flare observations by spectral type, we find similar power-law slopes α for early and mid-M stars, but higher y-intercepts β and therefore occurrence of flares at a given energy for the earlier types. The FFDs are displayed in Figure 4 . We estimate the annual rate of 10 33 erg superflares in Figure 5 . We record the fitting functions of each FFD and the expected waiting-times for a superflare to occur in Table 3 . ] Figure 5 . The annual superflare rate of a typical active flare star as a function of estimated spectral type. We extrapolate the superflare rate from each averaged cumulative FFD for each spectral type displayed in Figure 4 . As a result, this distribution does not hold for inactive stars. Due to the low numbers of K-dwarf flares, we bin all K5-K7 flares and display the averaged result in both the K5 and K7 bins for consistency with other plots in this work. Error bars on superflare rates are calculated with 1000 posterior draws to each FFD. % flare stars Region of stellar crowding Figure 6 . The percentage of flare stars in our sample of cool stars is displayed as a function of galactic latitude. Error bars are 1σ binomial confidence intervals. We note an apparent decrease in the flare rate at high galactic latitudes. This may be due to the decreased activity of old stars above the galactic plane; it may also be a result of sampling the decreasing density of both flaring and non-flaring M-dwarfs at high latitudes.
Although these rates are high, they are constructed from active stars of each spectral type and do not hold for inactive stars. Loyd et al. (2018) finds inactive stars to be 10× less active in the FUV-130 bandpass. Should similar relationships hold for white-light superflares, the impacts on planet atmospheres would be greatly reduced for inactive stars.
High-amplitude Flare Occurrence vs Spectral Type
Sky surveys performing rapid transient discovery and follow-up must be able to characterize the degree to which M-dwarf flare stars contaminate desired triggers from extra-galactic sources of rapid brightening events (e.g. Ho et al. (2018) ; Andreoni et al. (2019) ; van Roestel et al. (2019) ).
We construct cumulative FFDs for flare amplitudes Cumulative # of flares day 1 Figure 7 . We construct averaged cumulative FFDs from flare amplitudes instead of flare energies. We bin all flare amplitudes observed and the total observing time by the estimated spectral types. As a result, these relations do not hold for inactive stars. Errors in the number of flares d −1 are given by 1σ binomial confidence intervals. The curve at the lower end of each FFD is an artifact of sometimes failing to observe the smallest flares. We remove all flares with an ED< 10 2.44 from the fit, below which the lost flares dominate. Because this incompleteness limit is higher for later types, this curve remains visible at the leftmost end of each panel (strongest for M3). We further manually adjust the fit to include only the linear-in-log-log region of the M3 and M4 amplitude power laws to avoid bias at the lower end. Notes. Fit parameters to the "averaged" flare amplitudes "FFD" for K5-M4 flare stars, shown in Figure 7 . α and β are given by the power law of the form log ν = α log A + β following the discussion in Section 3.2, with ν being the number of flares observed per day at an amplitude with a fractional flux peak of at least A. We estimate the largest flare amplitude expected from a typical active star of each spectral type during 10 and 28 days of continuous observing, respectively. Each amplitude is given in units of both fractional flux and g magnitudes. We also estimate the waiting-time between successive flares of at least 3 g magnitudes.
rather than energies in order to predict how often an average flare star of a given spectral type will emit a flare of a given amplitude. We fit parameters α and β to the power law log ν = α log A + β following the discussion in Section 3.2, with ν being the number of flares observed per day at an amplitude with a fractional flux peak of at least A. Recorded in Table 4 and displayed in Figure  7 , the resulting amplitude-FFDs may be used to predict how often a flare of a given amplitude will occur, as well as the largest flare expected within a certain observing baseline. For example, a survey observing an M2e star for 10 continuous days would observe a flare with a stellar peak fractional flux of least 0.4. The best-fit parameters for these amplitude-FFDs for each spectral type are given in Table 4 . We find the largest flare amplitude expected from a typical active star of each spectral type increases as the quiescent luminosity of the star decreases. We also find the waiting-time between successive flares of at least 3 g magnitudes decreases from nearly a decade for late K-dwarfs to only two years for M4 dwarfs. Highest amplitude expected / 10 days 8.0 8.6 9.9 10.5 11.4 12.4 13.6 M g Figure 8 . We estimate the largest flare amplitude expected from a typical active star of each spectral type during 10 days of continuous observing. These estimates are obtained by extending the amplitude FFDs in Figure 7 and Table 4 to the typical flare amplitude per 10 days of observing. Flare amplitudes are displayed as peak increases in fractional flux. We find expected amplitudes increase for less luminous spectral types. The large uncertainty in M3 is due to the knee in the power law in Figure 7 .
the largest and rarest flares the star is capable of releasing. Flares observed by Evryscope are approximately an order of magnitude more energetic than those found in the TESS light curves themselves due to the longer observing baseline and lower photometric precision of Evryscope compared to TESS, as displayed in the left panel of 9.
Evryscope also observes the largest and rarest flare amplitudes, as displayed in the right panel of 9. Flares emit more strongly in the blue than in the red, so our flare peak amplitude of a given flare will be several times higher than for TESS (Davenport et al. 2012 ).
Most extreme superflares
In 2 years of Evryscope monitoring of the nearest star, the common red dwarf Proxima Centauri, we discovered three-magnitude stellar flare events occur 2-5 times per year (Howard et al. 2018) , with 2 total superflares observed (Kielkopf et al. 2019) . Here, we constrain how frequently similarly-large events occur across the sky. Out of 285 flare stars, we observe 8 stellar flares that increased their star's brightness by at least 2.9 g magnitudes; they are displayed in Figure 10 . These flares have also been checked against Evryscope image cutouts in addition to the regular systematics checks described in Section 2.3. The largest of these is a 5.6 magnitude flare from a 40 Myr M4 star in the Tuc-Hor cluster, TIC-160008866, which increased the stellar brightness by ∼ 90× and released 10 36.2 erg. These superflare stars are as follows:
• TIC-160008866: (UCAC2 14970156) an M4 that increased in brightness 5.6 magnitudes and released 36.2 log erg. To estimate the energy of this flare, we fit the flare template of Davenport et al. (2014) and computed the area-under-the-curve. Other large flares were also observed from this star in the Evryscope light curve. Stellar activity from this young star in the Tuc Hor moving group (Kraus et al. 2014 ) has been measured in the UV by Miles & Shkolnik (2017) . The extreme UV "Hazflare" observed by Parke Loyd et al. (2018) is from the same cluster.
• TIC-326446019: (RBS 1877) an M3.5 (Riaz et al. 2006 ) that increased in brightness 3.5 magnitudes and released 10 35.3 erg
• TIC-224225152: (LTT 9582) an M3 (Riaz et al. 2006 ) that increased in brightness 3.1 magnitudes and released 10 34.9 erg
• TIC-231017428: (L 173-39) an M2 (Gaidos et al. 2014 ) that increased in brightness 3.1 magnitudes and released 10 35.4 erg
• TIC-206478549: (WISE J035122.95-515458.1) an M4 (Kraus et al. 2014 ) (also in the Tuc-Hor moving group) that increased in brightness 2.9 magnitudes and released 10 35.6 erg
• TIC-231799463: (L 57-11 B) an M4 (Cowley et al. 1984 ) that increased in brightness 3.5 magnitudes and released 10 35.4 erg. Due to Evryscope's large pixel scale and the high PM of this system, it is possible this flare came from the M4, L 57-11 A or the semi-regular pulsator 2MASS J05125971-7027279 in the LMC (Fraser et al. 2008) . All 3 stars are within ∼13 arcsec.
• TIC-262575578: (UCAC3 63-25310) an M1 that increased in brightness 3.2 magnitudes and released 10 35.8 erg
• TIC-167457891 (LP 767-17) , an M2 that increased in brightness 3.6 magnitudes and released 10
35.2 erg.
3.5. Superflares from TESS planet hosts Out of 285 Evryscope flare stars, one is a TESS Object of Interest (TOI). TOI-455 (TIC-98796344) was observed in TESS Sector 4, when it was found to host a candidate 1.37 R ⊕ planet interior to the star's habitable zone (HZ). Subsequent follow-up may find a larger radius for the planet (e.g. Ziegler et al. (2018) ), as another star is in the same pixel of the TESS CCD. At a distance of 20 pc, TOI-455 is close enough to make future planetary atmospheric study a possibility (Ricker et al. 2014 ). We observe a single 10 34.2 erg superflare, and predict a superflare rate of 15.1 23 −9 yr −1 . Although this rocky planet candidate lies outside the habitable zone, TESS is expected to discover many compact multiple-planet systems around M-dwarfs (Ballard 2019) . The atmospheres of any additional rocky planets in this star's HZ will also be impacted by these superflares. Tilley et al. (2019) find that the cumulative effect of multiple 10 34 erg superflares per year and any associated stellar energetic particles (SEPs) may destroy an Earthlike planet's ozone layer on timescales of years to decades. Günther et al. (2019) Normalized flux Figure 10 . A "rogues gallery" of our highest-amplitude superflares detected by Evryscope from cool stars listed as 2-minute cadenceobserved TESS stars in sectors 1-6. Each flare released at least 10 35 erg and is capable of significantly altering the chemical equilibrium of an Earth-like atmosphere . Each flare is color-coded by its bolometric flare energy; the energy/color scheme is given on the colorbar to the right of the figure.
ASTROBIOLOGICAL IMPACT OF SUPERFLARES
of 0.1 to 0.4 flares day −1 is sufficient to deplete ozone. In our sample of 285 flare stars, we observe 17 flare stars in this regime.
However, the ozone loss modeling by Tilley et al. (2019) depends on the assumed distribution of particle energy versus flare energy. Efforts to directly measure the SEP environment of nearby stars by observing their stellar coronal mass ejections (CMEs) have resulted in a lack of evidence for stellar CMEs (Crosley & Osten 2018a,b) . This may be due to the strong dipoles of quickly-rotating cool stars that trap SEPs before they can escape the star's magnetic field (Alvarado-Gómez et al. 2018) .
We therefore inquire how many of our superflares may have sufficient energy in the UV alone to fully deplete an ozone column in a single event. Loyd et al. (2018) finds that single superflares with equivalent durations in the Si IV FUV bandpass greater than 10 8 seconds release enough energy to fully photo-dissociate an Earthlike planet's ozone column. Loyd et al. (2018) approximates the Si IV ED of a 3×10
35 erg g -band flare to be 10 8 seconds. We here extend this approximation to the bolometric energy of our g flare energies. The in-band energy of an Evryscope flare is 19% of the bolometric energy (Howard et al. 2018) . As a result, a bolometric energy of 10 36.2 erg is required to exceed 10 8 seconds in Si IV.
In our flare sample, we observe 1 superflare that meets this criteria. This is the 5.6 magnitude flare from the young star TIC-160008866 described in section 3.4. We also observe 24 more superflares in our sample that attain at least 10% of our estimate of the required energy to dissociate an ozone layer. Such large flares from very young stars may not prevent planets orbiting these stars from being conducive to life. Recent modeling by O'MalleyJames & Kaltenegger (2019) of the surface UV environment of Earth-analogues orbiting M-dwarfs suggests that extreme stellar activity may not prevent the formation of life, if the planet atmospheres follow the evolution of the Earth's atmosphere through time.
We note that the photo-dissociation estimates from Loyd et al. (2018) do not include modeling of the thermochemistry occurring after each flare, but rather de-scribe how far a flare of a given energy is able to push an Earth-like atmosphere out of chemical equilibrium if the flare were to deposit its energy instantaneously. Si IV flares of 10 8 seconds could severely disrupt atmospheric equilibrium. During the thermochemical aftermath of such a large flare, ozone would rapidly return to equilibrium and overshoot its original value due to the creation of additional, slowly recombining free oxygen from the photolysis of O 2 by FUV photons. While ozone rapidly reforms after a single event, sufficiently-frequent extreme superflares would further and likely permanently disrupt atmospheric equilibrium.
Although an Earth-like atmosphere may not survive repeated flaring, many HZ planets may orbit inactive stars. During the 2-year primary TESS mission, planets as small as 1.6R ⊕ may be detected within the HZ of only 1690 stars, and throughout the entire HZ of only 227 stars . We observe 49 and 6 of these TESS HZ catalog stars to exhibit large flares, respectively.
CONCLUSIONS
Approximately two-thirds of cool stars are active (West et al. 2015) , raising concerns about the habitability of the planets orbiting many of these stars, which make up the majority of the Galaxy's stellar population. As TESS searches for Earth-sized planets around these active host stars, constraining their superflare occurrence remains a key step in assessing potential habitability. Evryscope has performed long-term high-cadence monitoring of every bright Southern TESS planet-search target. With this data, we record the long-term superflare rates of 4068 cool flaring stars observed by TESS in its first six sectors.
We observe 576 flares from 285 flare stars, with a marked increase in flaring at spectral types close to the M4 fully-convective boundary. We find a decrease in average flare energy at later spectral types arising from the decreasing size of the stellar convective region. We present average FFDs of active stars as a function of spectral type and measure the annual superflare rates of each spectral type, with late-K and early-M dwarfs demonstrating the highest rates. We also find that the largest flare amplitudes expected from a flaring star of each spectral type in a given observation time increases for later types. Finally, we observe a decreasing superflare rate for older stars at high galactic latitude.
Among our superflare sample, we observe a number of extreme events. We observe 8 flares that increased the brightness of their host star by at least 3 stellar magnitudes in g and released at least 10 35 erg. The largest of these flares is a 5.6 magnitude event from an active 40 Myr-old Tuc-Hor cluster member. This flare released 10 36.2 erg, enough energy to completely photo-dissociate the ozone column of an Earth-like planet in one event. If we factor in high energy particles potentially associated with flares, lesser superflares become equally dangerous. For example, we find 17 stars that may fully attenuate an Earth-like atmosphere via repeated flaring by emitting at least 0.1 10 34 erg flares d −1 . Of the 1690 stars around which TESS may discover rocky planets in the HZ, we observe only 49 to emit large flares.
We also observe a 10 34 erg superflare from the mid Mdwarf TOI-455 (TIC-98796344). Host to a nearby 1.4R ⊕ planet candidate interior to the habitable zone, the atmosphere of a planet orbiting TOI-455 may be suitable for future study. We constrain the superflare rate of this star to be 15.1 23 −9 yr −1 . Even if the radius is found to be larger (but still non-stellar) as a result of dilution from nearby stars, its atmosphere may be altered by superflares and associated SEPs. Future work obtaining transit spectroscopy of TOI-455 or other flaring host stars to a transiting planet within months of an Evryscopedetected superflare may enable constraints on changes to a planetary atmosphere.
Upon future publication of flares across the entire Southern sky, the Evryscope sample of superflares will more than double (i.e. adding the subset of flares from 7 new TESS sectors) and the number of flares discoverable in TESS light curves will likely increase by a factor of 6× (i.e. adding flares from 11 new sectors) ( Günther et al. (2019) , Günther et al. (2020) , in preparation). More work is needed to analyze TESS and Evryscope flares from each star observed by both surveys. By combining the frequently-occurring small and moderate flares seen by TESS across 28 days with rare superflares observed over multiple years by Evryscope, we may fully explore the FFD of each star in the South. From a well-constrained FFD, planetary atmosphere modeling for rocky TESS planets orbiting flare stars will inform the atmospheric compositions and surface UV environments of these worlds. Well-constrained FFDs for such a large sample will also make possible large-scale statistical treatments of superflare occurrence as functions of stellar rotation, stellar age, binarity, and surface magnetic field topology. Multi-band Evryscope plus TESS superflares observed at high cadence in both the red and blue will also inform the temporal evolution of the flare blackbody and plasma environment for these events. dpac/consortium). Funding for the DPAC has been provided by national institutions, in particular the institutions participating in the Gaia Multilateral Agreement. This research made use of Astropy, 3 a community-developed core Python package for Astronomy (Astropy Collaboration et al. 2013; Price-Whelan et al. 2018) , and the NumPy, SciPy, and Matplotlib Python modules (van der Walt et al. 2011; Jones et al. 2001; Hunter 2007) .
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